Key points † Carbon dioxide insufflation during laparoscopic surgery results in an acid-base imbalance. † The decrease in the pH during the pneumoperitoneum is caused by the increase in Pa CO 2 , which promptly returns to a normal value after the desufflation. † In contrast, during laparatomy, a decrease in the pH is mostly caused by the metabolic factors, which persists an hour after the surgery.
The abdominal laparoscopic surgery is replacing a variety of laparotomy procedures because it is a relatively non-invasive procedure with fast recovery and less pain. However, the laparoscopic technique requires carbon dioxide (CO 2 ) insufflation with positive pressure to allow optimal visualization. The resulting acid -base imbalance may be different from that during traditional laparotomy. The CO 2 pneumoperitoneum causes an increase in the abdominal pressure and CO 2 absorption through the peritoneal serosa, 1 2 which may result in hypercarbia and respiratory acidosis. However, controversy exists, among different authors, over which factor in the acid-base imbalance is basically disrupted-the respiratory or the metabolic factor. The experimental and clinical studies have demonstrated some risks of acid -base balance alterations with CO 2 pneumoperitoneum towards metabolic acidosis. 3 4 Moreover, Taura and colleagues 5 have reported that prolonged pneumoperitoneum at 15 mm Hg causes lactic acidosis due to impaired regional oxygenation/perfusion. The traditional approach by the Henderson-Hasselbalch equation is often inadequate to explain the complexity of acid-base derangements during the surgery. 6 Stewart's approach offers clinicians a theoretical framework to better understand the development of an acid-base disorder and the physiology of treatments such as the buffers and haemofiltration. 6 Since no report has been issued regarding the effects of a surgical technique on the acid-base balance in patients undergoing major abdominal surgery, this study investigated the effect of the pneumoperitoneum on the acid-base status during laparoscopic surgery and the result was compared with that during the laparotomy using the Stewart's physicochemical approach.
Methods
After procedure approval of the institutional review board, 30 adult patients undergoing major abdominal surgery gave informed consent and were studied prospectively. Patients with coagulopathy, anaemia, chronic renal failure, respiratory insufficiency, or pre-existing metabolic acidosis were excluded. The patients were distributed to receive either a laparotomy (laparotomy group, n¼15) or the laparoscopy (laparoscopy group, n¼15) according to the decision of the medical team, and therefore, they were not randomized. The laparoscopic surgeries requiring pneumoperitoneum more than 90 min such as a gastrectomy, colectomy, and low anterior resection were included in this study. The pneumoperitoneum pressure was restricted to 15 mm Hg.
The patients were premedicated with i.m. injection of midazolam 2 mg and glycopyrrolate 0.2 mg. On arrival at the operating theatre, the standard vital signs monitors were attached and a 20 G catheter was inserted into the radial artery under local anaesthesia for continuous arterial pressure monitoring and blood sampling. Anaesthesia was induced with remifentanil, propofol, and rocuronium. The lungs were ventilated with a tidal volume of 7-10 ml kg 21 The arterial samples were obtained 10 min after the induction of anaesthesia (T1), 40 min after opening the peritoneum in the laparotomy group or pneumoperitoneum in the laparoscopy group (T2), at the end of the surgery (T3), and 1 h after the surgery (T4). The samples were analysed for pH, Pa CO 2 (standard electrodes), and serum lactate (enzymatic method, quantification of H 2 O 2 ), all integrated in the blood gas analyser (GEM Premier 3000, Instrumentation Laboratory, MA, USA). Additionally, the concentrations of sodium (Na + ), potassium (K + ), and chloride (Cl 2 ) (ion-selective electrode), serum phosphate (Pi 2 ; ultraviolet photometry of a phosphomolybdate complex), serum total protein concentration (Biuret method), and albumin concentration (colorimetry of bromocresol complex) were measured using the same blood samples. The standard base excess (SBE) and bicarbonate were taken from the blood gas analyser, which uses the Henderson -Hasselbalch equation and the Van Slyke equation. For each sample, the apparent and effective strong ion difference (SIDa and SIDe), strong ion gap (SIG), and anion gap (AG) were calculated (for abbreviations and calculations, see Table 1 ). Statistical analyses were performed using the statistical package (SAS Institute Inc., Cary, NC, USA). Sample size was calculated based on the previous study. 7 In each group, 12 patients were needed to detect the intergroup difference of 1. 
Results
Two patients in the laparotomy group were excluded for analysis due to loss of data and a patient in the laparoscopy group due to change in the surgical method to laparotomy. The patient characteristics and data from the perioperative period are presented in Table 2 . There were no significant differences in the age, weight, sex, preoperative medical history, and the type of operation between the groups. There were no statistical significance between the groups with respect to the anaesthesia time, fluid balance, urine output, estimated blood loss, and blood transfusion.
The haemodynamic variables and body temperatures (BTs) are listed in Table 3 . There were no differences in MAP and BT between the two groups. The HR was significantly lower and central venous pressure (CVP) was higher in the laparoscopy group than that in the laparotomy group at T2. The CVP was significantly increased at T2 compared with the baseline value in the laparoscopy group.
The changes of acid -base status were illustrated in Figures 1 and 2 . At T3 and T4 in the laparotomy group, the SIDa and pH were decreased whereas the lactate and Cl 2 were increased compared with their baseline values. At T3, the lactate was higher and the SIDa was lower in the laparotomy group compared with those in the laparoscopy group. The baseline SIDa value at T1 was about 38 mmol litre 21 in both groups, which is within the normal range. At T2 in the laparoscopy group, the pH was decreased whereas Pa CO 2 was increased compared with their baseline values. At T2, the pH was lower and Pa CO 2 was higher in the laparoscopy group compared with those in the laparotomy group. The calculation of the unmeasured anions is listed in Table 4 . There were no significant differences in the SBE, SIG, and AG between the two groups throughout the whole investigation period. After the surgery (T4), the SBE significantly decreased in both groups and mean (SD) decrease in the SBE from the baseline value (T1) was Table 3 Haemodynamic variables and BT. Values are means (SD). Laparotomy group, patients with laparotomy; laparoscopy group, patients with laparoscopic abdominal surgery; MAP, mean arterial pressure; HR, heart rate; CVP, central venous pressure; BT, body temperature; T1, 10 min after the induction of anaesthesia; T2, 40 min after opening the peritoneum in the laparotomy group or pneumoperitoneum in the laparoscopy group; T3, at the end of surgery; T4, 1 h after the surgery. *P,0.05, vs the laparotomy group; † P,0.05, vs baseline values (T1) within the group 
Discussion
In this study, we found that in the laparoscopy group, the pH was decreased and Pa CO 2 was increased only during CO 2 pneumoperitoneum. The decrease in the pH and SIDa with elevated lactate was observed after laparotomy but not after laparoscopic surgery. Previous investigations on the acid -base imbalance during laparoscopic surgery with CO 2 pneumoperitoneum reported controversial results. Some reported respiratory acidosis due to the transperitoneal absorption of CO 2 and others reported metabolic acidosis. 1 3 Sefr and colleagues 8 reported that carbon dioxide pneumoperitoneum causes alterations of the acid -base balance, mostly of respiratory or mixed type. In this study, the decrease in the blood pH was noted in conjunction to increased Pa CO 2 without a significant change in the SID and lactate during CO 2 pneumoperitoneum in the laparoscopy group. The pH increased after the desufflation with the decrease in Pa CO 2 , which suggest a respiratory factor as the cause of the decreased pH during laparoscopic surgery. On the other hand, the pH in the laparotomy group decreased after the surgery with decreased SIDa and increased lactate level, which suggest a metabolic factor. The lactate was significantly increased at T3 and T4 in the laparotomy group, which suggests the lactic acid accumulation with hypoperfusion after laparotomy. The SIG calculated by the Stewart's approach could provide an estimate of the unmeasured anion. The SIG is similar in concept to the AG and the 'normal' value is zero. In this study, significant within-group change was not observed in unmeasured, unidentified cations or anions as assessed by calculating the SIG in both groups. 9 -11 Therefore, the metabolic factor of the decreased pH after laparotomy may have been influenced by the water excess or hyperchloraemia. The hypoalbuminaemia is ubiquitous during large amounts of fluid administration after the surgery and the Stewart's approach offers a better understanding of the acid-base status of a patient. 6 Despite the significant decreases in A TOT , the pH decreased after the surgery in both groups. This suggests that the decrease in SID overwhelms the countercurrent A TOT dilutional metabolic alkalosis. This mechanism was supported by the result of this study, in which the mean decrease of SIDa was larger than that of A TOT (3 vs 1.5 mmol litre 21 ). There are several limitations to this study. One of them is the lack of the ionized calcium (Ca 2+ ) and magnesium (Mg 2+ )
in the formula for the apparent strong ion difference. The Ca 2+ and Mg 2+ were omitted because the measurement of an ionized divalent cation concentration was not available in the ABGA machine at the time of the study. Theoretically, when a strong cation is added, the SID increases. The hydrogen ions are withdrawn from the solution to maintain an electrochemical neutrality, which promotes alkalinity. Therefore, the pH increases when the SID increases. However, the strong cations other than Na + , such as Mg 2+ , K + , and Ca 2+ ,
do not change significantly to affect the acid -base status. In fact, Ca 2+ and Mg 2+ were often omitted in the formula depending on its availability, 12 -14 and Story and colleagues 15 reported that a simplified Fencl-Stewart approach using only Na + and Cl 2 agree well with the previous, more complex equations. In addition, the calcium containing solution was infused in this study. Lanzinger and colleagues 16 reported that when the average calcium intake was 6.24 mmol, the change in ionized calcium level was only 0.04 mmol litre 21 in patients undergoing abdominal surgery. In this study, the mean (SD) of calcium intake was 2.2 (0.79) mmol in the laparotomy group and 1.8 (0.7) mmol in the laparoscopy group. Since there was no difference in the calcium intake between the two groups in this study, the effect of the calcium containing solution would not have affected the result of this study. Another limitation in this study is the fluctuation of Pa CO 2 during laparoscopy. The ventilation was adjusted to maintain E ′ CO 2 between 4.00 and 4.66 kPa except during CO 2 pneumoperitoneum, which was 4.66 -5.33 kPa. Constant maintenance of CO 2 level may have provided better understanding of the acid -base status during pneumoperitoneum. Lastly, this study is not a randomized study because patients were treated with laparoscopy or laparotomy according to the decision of the medical team.
In conclusion, the decrease in the pH during the pneumoperitoneum was affected by the increase in Pa CO 2 , which promptly returned to a normal value after the desufflation. On the other hand, the decrease in the pH after laparotomy was affected by the metabolic factors, which persisted an hour after the surgery.
